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Abstract

As asthma worsens, occlusion of airways with mucus significantly contributes to airflow
obstruction and reduced lung function. Recent evidence from clinical studies has shown mucus
obtained from adults and children with asthma possesses altered mucin composition. However,
how these changes alter the functional properties of the mucus gel is not yet fully understood.

To study this, we have engineered a synthetic mucus biomaterial to closely mimic the properties
of native mucus in health and disease. We demonstrate that this model possesses comparable
biophysical and transport properties to native mucus ex vivo collected from human subjects and /in
vitroisolated from human airway epithelial (HAE) tissue cultures. We found by systematically
varying mucin composition that mucus gel viscoelasticity is enhanced when predominantly
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composed of mucin 5AC (MUCS5AC), as is observed in asthma. As a result, asthma-like synthetic
mucus gels are more slowly transported on the surface of HAE tissue cultures and at a similar
rate to native mucus produced by HAE cultures stimulated with type 2 cytokine IL-13, known to
contribute to airway inflammation and MUCS5AC hypersecretion in asthma. We also discovered
that the barrier function of asthma-like synthetic mucus toward influenza A virus was impaired
as evidenced by the increased frequency of infection in MUC5AC-rich hydrogel-coated HAE
cultures. Together, this work establishes a biomaterial-based approach to understand airway
dysfunction in asthma and related muco-obstructive lung diseases.
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1. INTRODUCTION

Asthma affects ~300 million people worldwide of all racial and ethnic backgrounds with
cases documented from childhood to adulthood.! As lung disease worsens in asthma,
chronic airway inflammation commonly leads to excess production of mucus.23 Mucus

is continuously cleared from the lung through high-frequency, coordinated beating of
ciliated cells on the surface of the airway epithelium.° This process, known as mucociliary
clearance (MCC), provides the lung with an important defense mechanism against infection
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and injury with the continuous removal of inhaled environmental particles captured within
the mucus layer. However, in all stages of asthma, MCC mechanisms become impaired,
resulting in the accumulation of mucus in the airway.’ Persistent mucus accumulation not
only leads to inflammation and infection by providing an environment for microbial growth
but also results in obstruction of conducting airways potentially causing asphyxiation in
severe cases of asthma.82 Further, many individuals with asthma suffer from recurrent
pulmonary exacerbations characterized as an acute worsening of symptoms requiring
emergency department visits and hospitalizations.10:11 Exacerbations in asthma are often
associated with infections by respiratory viruses such as rhinovirus, respiratory syncytial
virus (RSV), and influenza.12-14 Accordingly, it is of importance to understand how the
changes in mucus produced in asthma lead to dysfunctional MCC and further examine its
potential role in susceptibility to infection.

For effective MCC, the mucus gel must be a soft, shear-thinning, viscoelastic material.

The primary building blocks of respiratory mucus are the gel-forming mucins, mucin 5B
(MUCS5B), and mucin 5AC (MUC5AC).15 These large (~MDa) and heavily glycosylated
proteins form the mucus gel network primarily through reversible associations (e.g.,
entanglements, hydrogen bonds) and disulfide cross-links. The resulting mesh-like
microstructure acts as a selectively permeable barrier that allows passage of certain
substances while restricting diffusion of others.116 The assembly of the mucin network
gives rise to the viscoelastic properties of mucus, enabling directional transport in response
to shear forces exerted by the cilia on the airway surface. Although similar in general
structure and amino acid sequence, MUC5B and MUCSAC differ in charge, which is a
direct result of differences in their glycosylation patterns. MUCSB is heavily sialylated,
whereas MUC5AC has a high fucose content.3:17 These mucins also possess different
amounts and arrangement of hydrophobic and cysteine-containing domains that can further
influence hydrogel assembly.1> Recent evidence has also shown that MUC5B and MUC5AC
are capable of forming polymer fibers with distinct morphologies.3:18

In individuals with asthma, biochemical analysis of mucus produced by cough has revealed
that mucin composition is altered as a function of disease severity, with a shift from MUC5B
to MUCS5AC as the predominant secreted mucin.1® Further, computerized tomography

(CT) imaging has revealed an increased likelihood and number of mucus plugs within

the airway in asthma patients with MUC5AC-enriched airway mucus.2? These data suggest
that overproduction of MUC5AC may predispose the airways to mucus accumulation in
asthma. MCC defects in asthma have been attributed to oxidation-induced cross-linking of
mucins in the asthmatic lung and physical tethering of MUC5AC to the airway surface,21-23
both as a result of exaggerated inflammatory responses in asthma. However, it is not yet
fully understood how an imbalance in the ratio of MUC5B to MUCS5AC contributes to the
biological function of mucus in asthma.

Studying airway mucus in health and disease has relied heavily on acquiring ex vivo

human mucus samples through sputum induction or endotracheal tubes from patients who
have undergone intubation.24:25 However, the limited availability of clinical samples as

well as the modest sample volume (~100 L) using these collection methods presents
challenges in mechanistic studies on how altered mucus composition influences its function.
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In addition, samples acquired from humans can often possess altered mechanical properties
due to sample dilution after sputum induction.2® These limitations have stimulated interest
in synthetic mucus biomaterials that have similar physical properties to airway mucus.
Recent studies have reported mucus biomaterials that use commercially available crude
mucins, sourced from porcine stomach or bovine submaxillary gland, for studying functional
properties, such as rheology and transport.22:27 In suspension, reconstituted mucins fail to
establish covalent bonding and do not form mucin gel networks.28 Combining mucins with
cross-linking agents, such as poly(acrylic) acid (PAA) and thiolated star polyethylene glycol
(PEG) polymers, re-establishes covalent cross-linking producing mucin-based biomaterials
with /n vivo-like biophysical properties.29-30

In our work, we report a synthetic mucus biomaterial capable of modeling transport and
barrier function of airway mucus. Specifically, we have adapted an approach established in
our previous work30 to create disulfide-linked mucin-based hydrogels composed of MUC5B
and MUCS5AC with viscoelastic properties comparable to airway mucus. This model system
provides the capability to systematically vary the composition of mucus to capture how these
changes impact its physiological function. Using this model, we examined the rheology of
mucin-based hydrogels with a varied and specified MUC5B:MUCS5AC ratio to understand
the impact of mucin composition on its biophysical properties. Transport of synthetic mucus
on fully differentiated human airway epithelial (HAE) tissue cultures was then compared

to natively secreted mucus in normal cultures and IL-13-exposed cultures to establish an
asthma-like inflammatory condition. To understand the barrier function of synthetic mucus
toward respiratory viruses, we directly measured the diffusion of fluorescent 1AV within
synthetic mucus gels and the extent of infection in synthetic mucus-coated human airway
tissue cultures. The results of our work establish a new biomaterial-based approach to create
in vitro models of asthmatic airways and identify potential mechanisms of lung dysfunction.

MATERIALS AND METHODS

Preparation of Synthetic Mucus.

Synthetic mucus hydrogels were prepared using a previously established method.30

Briefly, porcine gastric mucin (PGM; Sigma-Aldrich) and mucin from bovine submaxillary
glands (BSM; Sigma-Aldrich) were mixed with a cross-linking reagent, 4-arm PEG-thiol
(PEG-4SH; Laysan Bio Inc.), to mediate cross-linking between mucin biopolymers. A
solution of 4% (w/v) PGM and/or BSM was dissolved in a physiological buffer solution
containing 154 mM NaCl, 3 mM CaCl,, and 15 Mm NaH,PO, at pH 7.4 at 4% (w/v)

and stirred at room temperature for 2 h. The cross-linking reagent, PEG-4SH, was initially
prepared at 4% (w/v) in the same buffer and then mixed with equal volumes of mucin
solutions to achieve a final concentration of 2% (w/v) mucin and 2% (w/v) cross-linking
reagent. For experiments with varying ratios of MUC5B and MUC5AC, solutions of PGM
and BSM were mixed at varying MUC5B:MUCS5AC ratios (75:25, 50:50, and 25:75) prior
to addition of the cross-linking reagent. The mixed solution of mucin and cross-linker was
incubated at room temperature for =15 h to allow gelation. For bulk rheology experiments,
synthetic mucus hydrogels were prepared in Petri dishes with 40 mm diameter with 2 mm
thickness. For PTM experiments, hydrogels were prepared in custom microscopy chambers
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prior to gelation. For mucus transport and influenza viral challenge studies, hydrogels were
prepared 24 h prior to experiments and UV-disinfected for 15 min before being transferred
to HAE tissue cultures.

2.2. Collection of Human Mucus Samples.

Human mucus samples were collected using the endotracheal tube (ETT) method in
accordance with an IRB-approved protocol at the University of Maryland Medical Center
(Protocol#: HP-00080047). ETTs were collected from patients after intubation as a part of
general anesthesia at the UMMC. To collect the ETT-derived ex vivo samples, the last 10 cm
of the tubes was cut, including the balloon cuff, and suspended in a 50 mL centrifuge tube
using a syringe needle. The centrifuge tube containing the ETT was spun at 220g for 30 s
for mucus collection, which resulted in 100-300 gL of ETT mucus. Samples were stored at
—-80 °C immediately after collection and thawed (no more than three times) prior to use for
experiments.

2.3. Preparation of Nanoparticles for Particle Tracking Microrheology.

Fluorescent carboxylate-modified fluorescent polystyrene nanoparticles (PS-COOH; Life
Technologies) with diameters of 100 and 500 nm were coated with high-surface-density
polyethylene glycol (PEG) via a carboxyl-amine linkage using 5 kDa methoxy PEG-amine
(Creative PEGWorks) as previously reported.2430 Particle size and zeta potential were
measured in 10 mM NaCl at pH 7 using a NanoBrook Omni (Brookhaven Instruments). We
measured diameters of 122 and 491 nm and zeta potentials of —-0.54 £ 1.16 and 1.09 + 0.51
mV for 100 and 500 nm PEG-coated PS nanoparticles, respectively.

2.4. Particle Tracking Microrheology (PTM) Analysis in Human Mucus and Synthetic

Mucus.

The diffusion of the PEG-coated nanoparticles (PEG-NP) in human and synthetic mucus
gels was measured using fluorescence video microscopy. Mucus samples were prepared

in custom microscopy chambers that consisted of O-rings coated in vacuum grease on a
microscope slide. Twenty microliters of human mucus was added to the chamber along
with 1 4L of ~0.002% w/v suspension of PEG-NP 30 min prior to PTM experiments.
Synthetic mucus was prepared by adding 25 gL of mucin and cross-linker solution to the
microscopy chamber. 1 /A of ~0.002% w/v suspension of PEG-NP was added to the mucin
and cross-linker solution and sealed with a cover slip. Imaging was performed 24 h later
after gelation. Fluorescence video microscopy videos were collected using a Zeiss 800 LSM
microscope with a 63x water-immersion objective and an Axiocam 702 camera (Zeiss).
High-speed videos were recorded at a frame rate of 33 Hz for 10 s at room temperature. For
each sample, at least three high-speed videos were recorded. The particle tracking analysis
was performed using a previously developed image processing algorithm.31 Mean squared
displacement (MSD) as a function of time lag () was calculated as (A72(7)) = (@ + JA))
for each particle. The pore size of the sample was calculated using ¢ = ,/MSD + a, where

MSD1; is the measured MSD at z=1 s and g is the nanoparticle radius. For N-acetylcysteine
(NAC) experiments, NAC was added after gelation at a final concentration of 50 mM and
incubated for 30 min prior to imaging.
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2.5. Measurement of Bulk Rheology.

Dynamic rheological measurements of the synthetic mucus gels were performed using an
ARES G2 rheometer (TA Instruments) with a 20 mm diameter parallel plate geometry at
25 °C. To determine the linear viscoelastic region of the fully formed gel, a strain sweep
measurement was collected from 0.1 to 10% strain at a frequency of 1 rad/s. To determine
the elastic modulus, G’ (w), and viscous modulus, G” (w), a frequency sweep measurement
was conducted within the linear viscoelastic region of the gel at 1% strain amplitude and
angular frequencies from 0.1 to 100 rad/s.

2.6. Culture of BCi-NS1.1 Cells.

The h-TERT immortalized human airway basal BCi-NS1.1 cell line was generously
provided by Dr. Ronald Crystal in which his group established in previous work.32 Cells
were initially seeded on plastic at ~3000 cells/cm? in PneumaCult-Ex Plus media (StemCell)
and incubated at 37 °C and 5% CO». Once cells reached 70-80% confluency, they were
dissociated using 0.05% trypsin ethylenediaminetetraacetic acid (EDTA) for 5 min at 37 °C.
For differentiation at the air-liquid interface (ALI), cells were seeded on 12 mm diameter
Transwell inserts (Corning Costar) coated with 50 gg/mL collagen from human placenta
(Sigma Aldrich) at ~10,000 cells/cm?2. An expansion medium, PneumaCult-Ex Plus, was
used to feed cells in both the apical and basolateral compartments until 1200% confluency.
After reaching confluency, the apical medium was removed, introducing the AL, and the
basolateral medium was replaced with PneumaCult-ALI (StemCell). All cells were grown
for 28 days to reach differentiation with media exchanged every other day. The collection
method for BCi-NS1.1 mucus was adapted from a previously described protocol.33:34 BCi-
NS1.1 mucus was allowed to accumulate for 7 days. /n vifro mucus samples were harvested
by washing apical compartments with PBS for 30 min at 37 °C. After 30 min of incubation,
the solution of mucus and PBS in the apical compartment was collected. Samples were
loaded into Amicon Ultra 100 kDa filters (Millipore-Sigma) and centrifuged at 14,0009 for
30 min to remove excess PBS. After filtration, protein concentration was measured using a
BCA assay and samples were reconstituted into physiological concentrations (~2 mg/mL)3%
using physiological buffer used to prepare mucin hydrogels. To establish an asthma-like
human tissue culture model, BCi-NS1.1 cultures were maintained in a medium with IL-13
(100 ng/mL, Peprotech, Rocky Hill, NJ) for 7 days prior to en face staining and MCC
experiments.

2.7. Preparation of BCi-NS1.1 Cultures for En Face Staining.

For en face immunohistochemical staining and fluorescence imaging of MUC5B and
MUCSAC, cultures were prepared by aspirating the culture medium from the basolateral
compartment and adding Carnoy solution (6:3:1 ratio of 100% ethanol, chloroform, and
glacial acetic acid), a nonaqueous fixative that preserves the secreted mucus layer, to

the basolateral (1 mL) and apical (0.5 mL) compartments.23 After 30 min of fixation

at room temperature, inserts were washed twice with absolute methanol, twice with
absolute ethanol, and twice with PBS. For blocking nonspecific background in all imaging
experiments, inserts were incubated in 3% bovine serum albumin (BSA) in PBS, which
was filter-sterilized, for 1 h at room temperature. The primary antibodies that were
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used were mouse monoclonal anti-MUSAC (Santa Cruz, sc-21,701, 1:100) and mouse
monoclonal anti-MUC5B (Santa Cruz, sc-21,768, 1:100). Primary antibody incubation was
overnight at 4 °C in 1% BSA in PBS. After overnight incubation, inserts were washed

with PBS twice and incubated in secondary antibody staining solution for 1 h at room
temperature. The secondary antibody used was Donkey anti-Mouse 1gG (H + L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (Thermo Fisher Scientific, A-21202,
RRID AB_141607). Inserts were washed with PBS twice and imaged at 10x magnification
using a Zeiss Axio Observer and Axiocam 503 monocamera (Zeiss). For the nonprimary
control, Donkey anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 647 (Thermo Fisher Scientific, catalog # A-31573, RRID AB_2536183)

was used and background intensity was subtracted from anti-mucin images. MUC5B and
MUCSAC staining was performed in separate BCi-NS1.1 cultures as the same species

for the secondary antibody was used. Relative fluorescence intensities of MUC5B and
MUCS5AC in unstimulated and I1L-13-stimulated cultures were quantified by normalizing
the average fluorescence intensity of mucin staining to the percentage of fluorescence
positive area. Quantification of mucin staining intensity and fluorescence positive area was
performed with FI1JI using the automated thresholding function.

2.8. Measurement of Mucus Transport and Ciliary Beat Frequency.

Mucociliary transport was measured based on the transport of 2 gm red-fluorescent
polystyrene microspheres (Sigma-Aldrich). For measurement of the transport rate of native
BCi-NS1.1 mucus, a 4 uL suspension of the fluorescent polystyrene microspheres (1:1000
dilution in PBS) was added on top of the native mucus, which was allowed to accumulate
for 7 days. After 30 min of equilibration at 37 °C, videos of three regions were recorded

at 10x magnification using a Zeiss 800 LSM microscope. Images were collected at a frame
rate of 0.5 Hz for 10 s on the plane of the mucus gel. Images were acquired centrally within
cultures and away from the edges where mucus tends to accumulate. For measurement of
transport of synthetic mucus, BCi-NS1.1 native mucus was first removed from the cultures
by washing the apical surfaces of cultures with PBS for 30 min. Forty microliters of

the hydrogel was added to the apical surface (~40 um thickness) of fully differentiated
BCi-NS1.1 cells and equilibrated for 30 min at 37 °C. A suspension of 4 /i of 2 ym red-
fluorescent polystyrene microspheres was added and allowed to equilibrate for an additional
30 min. For NAC experiments, fluorescent polystyrene microspheres were diluted in PBS
containing 50 mM NAC in order to prevent further dilution of hydrogels. After 30 min of
incubation, videos of at least three regions were recorded as described for the transport rates
of BCi-NS1.1 native mucus. The microsphere tracking data analysis is based on an image
processing algorithm that was custom-written in MATLAB (The MathWorks). Briefly, the
analysis software computes the xy~plane trajectories of each fluorescent microsphere in each
frame. Using the trajectory data, the displacement of microspheres was computed, and the
transport rate was calculated by dividing the displacement of microsphere by the total time
elapsed. In order to measure ciliary beat frequency (CBF), 10 s videos at a frame rate of

20 Hz were recorded at 10x magnification in =3 randomly selected regions of BCi-NS1.1
cultures using bright field. Using a custom-written algorithm in MATLAB, the number of
local pixel intensity maxima was counted, which indicates beating of cilia. Beat frequency
was determined by dividing the number of beats over the total elapsed time.
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2.9. Measurement of Disulfide Bond Concentration in Synthetic Mucus.

Concentrations of disulfide bonds were measured using a previously described fluorometric
assay.22 Synthetic mucus hydrogels were resuspended in 8 M guanidine-HCI (Sigma) to
10 times the original hydrogel volume. In order to block free cysteines, samples were
treated with 10% (v/v) 500 mM iodoacetamide for 1 h at room temperature. To quench
excess iodoacetamide and reduce existing disulfide bonds, samples were treated with
10% (v/v) 1 M DTT at 37 °C. Samples were loaded into Amicon Ultra 10 kDa filters
(Millipore-Sigma) and centrifuged at 14,0009 for 20 min for removal of excess DTT and
quenched iodoacetamide. Recovered samples were resuspended in 50 mM Tris—HCI (pH
8.0) and mixed with equal volumes of 2 MM monobromobimane (mBBr; Sigma). After
15 min of incubation in mBBr at room temperature, fluorescence was measured at 395
nm excitation/490 nm emission on a Spark Multimode Microplate reader (Tecan). Serial
dilutions of 5 mM L-cysteine in 50 mM Tris—HCI were used as standards. Disulfide bond
concentration was calculated against the standard curve.

2.10. Preparation of IAV and IAV Challenge Studies.

The plasmid-based reverse genetics system for influenza A virus (1AV) A/Puerto Rico/8/34
(PR8; H1N1) was a gift from Dr. Adolfo Garcia-Sastre. Infectious virus was generated

from cloned cDNAs in 293 T and Madin-Darby canine kidney (MDCK) cell co-cultures

and purified by ultracentrifugation through 20% sucrose onto a 50% sucrose cushion

as previously described.36 The infectivity of resulting virus stocks was quantified by

the standard plaque assay on MDCK cells,3’ yielding a viral titer of 3.9 x 10°
plague-forming units (pfu)/mL. 1AV was subsequently labeled with a lipophilic dye, 1,1"-
dioctadecyl-3,3,3"3’-tetramethylindocarbocyanine perchlorate (Dil; Invitrogen). The labeled
virions were then purified and concentrated via hemadsorption to chicken red blood cells.3”
IAV stock was aliquoted and stored at =80 °C. This strain exhibits a primarily spherical
morphology and diameter of roughly 100 nm. Dil-labeled virus stocks were counterstained
with an anti-H1N1 IAV HA antibody (NR-3148; antiserum, goat; BEI Resources, NIAID,
NIH). Diffusion of IAV was assayed similarly to PTM studies. Mucin hydrogels were
prepared in microscopy chambers, and 1 gL of Dil-labeled AV was applied to the surface
of the hydrogel and equilibrated for 30 min before imaging. The same tracking analysis
employed in PTM experiments was used to compute the MSD of IAV. For experiments with
IAV infection, BCi-NS1.1 cultures were initially washed with PBS to remove native mucus.
Forty microliters of hydrogels with 75:25 and 25:75 MUC5B:MUCS5AC ratios was added to
the apical surface and allowed to equilibrate for 30 min. 1AV (PR8) was then applied (4 /L;
7500 plaque-forming units (pfu)) centrally to HAE cultures and incubated for 2 h at 37 °C.
After inoculation, cultures were rinsed with PBS prior to a 10 min wash at 37 °C to remove
the hydrogel and nonabsorbed virus. Cultures were imaged 48 h after 1AV, and hydrogels
were removed. To image 1AV infection, cultures were fixed in 1:1 methanol:acetone solution
overnight at 4C. Afterward, cultures were washed in PBS and then permeabilized in 2.5%
Triton X-100 for 15 min. After blocking, the primary antibody that was used was a mouse
monoclonal anti-l1AV nucleoprotein Al and A3 blend (EMD Millipore, MAB8251, 1:250).
Images were taken at 10x magnification using a Zeiss Axio Observer and Axiocam 503
mono camera (Zeiss). Percentages of infection area for uncoated and synthetic mucus coated
cultures were determined by using the automated thresholding function in F1JI.
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2.11. Statistical Analysis.

All graphing and statistical analyses were performed using GraphPad Prism 8 (GraphPad
Software). Two-group comparisons were performed using 2-tailed Student’s ¢test (normally
distributed data) or Mann—Whitney Utest. For comparisons between groups, one-way
analysis of variance (ANOVA) followed by a Tukey post hoc correction was performed.
Kruskal-Wallis with Dunn’s correction was used for comparison of multiple groups with
non-Gaussian distributions. Bar graphs show mean and standard deviation, box and whiskers
plots show median values and 5th up to 95th percentiles of the data, and outliers were not
included. Differences were considered statistically different at the level of p< 0.05.

3. RESULTS

3.1. Engineering Synthetic Mucus Biomaterials with Physicochemical Properties Similar
to Human Mucus.

In this study, we aimed to create a synthetic mucus biomaterial with similar rheological
and transport properties to human respiratory mucus. In our previous work, we reported
the design of a hydrogel system that employs a thiol-based cross-linking strategy and
verified that hydrogel assembly was mediated by hydrogen and disulfide bonding.3? Using
this approach, we prepared hydrogels with 2% (w/v) mucin and 2% (w/v) cross-linking
reagent, PEG-4SH, using two types of mucins: porcine gastric mucin (PGM), containing
MUCS5AC,38:39 and bovine submaxillary gland mucin (BSM), containing MUC5B (Figure
1A,B).4041 Gijven the limited volume (~50-100 1) collected ex vivo from patients and
generated /n vitro, we chose to use particle tracking microrheology (PTM) to characterize
the samples collected to compare to our synthetic model. Our results showed that MUC5B
hydrogels had similar microrheology and pore network size to HAE-derived mucus, in

the range of previously reported values (~200-300 nm).2425 Therefore, we used PTM

to compare the physical properties of our synthetic mucus biomaterial to natural human
airway mucus collected ex vivo from endotracheal tubes (ETTs) and /n vitro collected from
BCi-NS1.1 HAE cultures. Based on 100 nm PEG-NP diffusion, as measured by logarithm
base 10 of mean squared displacement at a time lag of 1 s (log19[MSD]), we find that ex
vivo ETT mucus had similar microstructural properties to /7 vitro mucus samples derived
from BCi-NS1.1 cultures.

Comparing our synthetic mucus biomaterials to human samples, we found that MUC5B
(BSM) hydrogels had comparable microstructural properties to human mucus samples
collected /n vitro (Figure 1C). However, MUC5B hydrogels showed significantly different
microstructural properties from ETT-sourced mucus (Figure 1C) as indicated by a reduction
in 100 nm PEG-NP diffusion. The MUC5AC (PGM) gels had significantly reduced 100

nm PEG-NP diffusion compared to human mucus (ex vivo and in vitro) and MUC5B gels,
indicative of a significantly smaller network pore size (Figure 1C). Using PTM analysis, we
estimated the gel network pore sizes (£) in synthetic and human mucus. Similar to particle
diffusion, MUC5B hydrogels showed similarities in pore size to the /n vitro mucus samples
(&~ 200-400 nm), whereas MUCS5AC gels had significantly reduced network pore sizes
(£~ 100 nm) (Figure 1D). We also observed varying distributions in nanoparticle diffusion
and pore size in different samples, where MUC5AC hydrogels showed a smaller MSD and
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pore size distribution than MUC5B hydrogels and human mucus samples. Based on the size
of nanoparticles used (100 nm) for microrheological analysis, we are only able to detect
network sizes 2100 nm. Thus, MUCS5AC hydrogels likely possess pore sizes of 100 nm or
less.

Next, we measured and compared the transport rates of synthetic mucus and native

mucus produced from BCi-NS1.1 HAE cultures. Although MUC5B hydrogels had similar
microrheological properties to BCi-NS1.1 mucus, MUC5B gels showed significantly lower
transport rates than native BCi-NS1.1 mucus. Alternatively, the MUC5AC hydrogel, which
showed significantly reduced pore size, had significantly higher transport rates than MUC5B
gels. Given that native mucus contains both MUC5B and MUCS5AC, we prepared a hydrogel
composed of a blend of both mucins with relative concentrations representative of healthy
airway mucus. A previous study has shown that normal (nondiseased) human mucus is
primarily composed of MUCS5B (75-85%) and a smaller amount of MUC5AC (~15-25%).19
To test whether a mixed ratio of mucins, specifically 75% MUC5B (BSM):25% MUC5AC
(PGM), could mimic airway mucus, we measured the microrheological properties (Figure
1C,D) and transport rates (Figure 1E) of blended mucin hydrogels to compare to ex vivo
and /n vitrohuman mucus. Interestingly, we found that the blended gels had network sizes
smaller than human samples based on PTM but had the most similar transport rate to the
native mucus gels produced in BCi-NS1.1 HAE cultures.

3.2. Macro- and Microrheology of Synthetic Mucus with Varying MUC5B:MUC5AC Ratios.

Previous studies have demonstrated the relative increase in the abundance of MUC5AC
compared to MUCB5B in asthmatic mucus from adults and children where the percentage

of MUC5AC reaches up to ~70% of the total mucin content.1942 Therefore, we sought

to determine the effects of the mucin ratio, MUC5B:MUSAC, on the macro- and
microrheological properties of synthetic mucus biomaterials. We systematically varied

the MUC5B:MUCBSAC ratio of starting hydrogels: (i) 75% MUCS5B and 25% MUCS5AC,
representative of health, (ii) 50% MUCS5B and 50% MUCS5AC, representative of stable
asthma, and (iii) 25% MUC5B and 75% MUCS5AC, representative of exacerbated asthma.19
For simplicity, we will refer to the 75:25 MUC5B:MUCS5AC ratio as “MUC5B-rich”
hydrogels and the 25:75 MUC5B:MUC5AC ratio as “MUC5AC-rich” hydrogels. We then
compared the elastic moduli of mucin-based hydrogels at w = 1 rad/s, which revealed higher
elastic and viscous moduli for hydrogels with higher MUCS5AC content (Figure 2A,B). PTM
analysis showed that a relative increase in MUC5AC content resulted in reduced particle
diffusion, as measured by log;o[MSD1s] of 100 nm PEG-NP, indicative of tightening of

the mesh network of the hydrogels with increased MUCS5AC content (Figure 2C). We also
assessed diffusion of 500 nm PEG-NP as PEG-NP with a diameter greater than the pore

size can probe physical properties closer to the bulk scale.#3 The diffusion of 500 nm
PEG-NP showed a systematic reduction in log;g[MSD1¢] with increasing MUCS5AC content,
suggesting increased viscoelastic properties with increasing MUCS5AC concentration (Figure
2D).
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3.3. Measurement of Transport Rates of Synthetic Mucus with Varying MUC5B:MUC5AC

Ratios.

Previous studies have shown that stimulation of primary HAE cultures with 1L-13, a key
mediator in asthma, results in increased MUCS5AC production and markedly reduced mucus
transport rates.2344 In order to establish and confirm asthmatic phenotype in our culture
system, we stimulated BCi-NS1.1 HAE tissue cultures with IL-13 and performed en face
staining to examine MUC5B and MUCS5AC expression (Figure 3A). IL-13 stimulation in
BCi-NS1.1 cultures consistently increased MUCS5AC expression, whereas no significant
changes were observed for MUC5B expression (Figure S2). We observed a significant
reduction in transport rates of 2 zm microspheres in 1L-13 stimulated cultures (Figure 3B,C).
We also measured the cilia beat frequencies (CBFs) of BCi-NS1.1 cultures to confirm

that the reduction of the transport rate was not due to changes in ciliary activity. We also
confirmed that CBF was unaffected after IL-13 treatment (Figure 3D). We next sought to
test whether mucin composition of synthetic mucus affects mucociliary transport rates by
applying hydrogels with varying MUC5B:MUC5AC ratios on apically washed, mucus-free
BCi-NS1.1 cultures. Based on microsphere trajectories, we found that the transport rates

of MUCS5AC-rich gels were significantly reduced in comparison to gels composed of equal
MUC5B/MUCS5AC concentrations or MUC5B-rich gels (Figure 3B,E). CBF was unaffected
by the introduction of synthetic mucus with varied MUC5B:MUCS5AC ratios (Figure 3F).

3.4. Impact of Disulfide Cross-Linking on the Transport of Asthma-like Synthetic Mucus

Gels.

While a constant PEG-4SH concentration was used throughout our work, we hypothesized
that enhanced viscoelasticity of MUC5AC-rich synthetic mucus may be a result of the
higher number of available cysteines on MUCSAC noted in a previous study.*> Therefore,
we measured the disulfide bond concentration in hydrogels that showed significant
differences in macro- and microrheological properties as well as transport rates for
MUC5B-rich and MUC5AC-rich gels (Figure 4A). We found that the disulfide bond (S—
S) concentration in MUCS5AC-rich hydrogels was markedly higher than that in MUC5B-
rich hydrogels. As enhanced elasticity resulting from increased disulfide cross-linking is
considered a major factor in impairing mucus clearance,?2 we tested the effectiveness of
N-acetylcysteine (NAC), a reducing agent that is used clinically as a mucolytic agent, in
restoring transport rates of MUC5AC-rich gels on BCi-NS1.1 cultures. We observed that
treatment with 50 mM NAC on MUCS5AC-rich hydrogels significantly increased transport
rates (Figure 4B), whereas CBF remained unchanged (Figure 4C). While MCC was
improved with NAC treatment for the asthma-like MUCS5AC-rich gels, transport rates were
not restored to transport values of hydrogels composed of MUC5B-rich gels, representative
of health (Figure 4B).

3.5. Barrier Properties of Asthma-like Synthetic Mucus Gels against Influenza A Viral

Infection.

A previous study has shown that individuals with asthma are more susceptible to viral
infections,*8 which can often cause an exacerbation of disease symptoms.13 To determine if
mucin composition could influence the barrier function of synthetic mucus toward influenza
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A virus (1AV), we measured the diffusion rate of fluorescently labeled IAV in synthetic
mucus with different MUC5B:MUCS5AC ratios using PTM. We found that AV had a higher
average diffusion rate in MUC5AC-rich synthetic mucus than in MUC5B-rich gels (Figure
5A,B). However, the frequency distribution of log;o[MSD1] of individual 1AV showed

that only a small fraction of 1AV could rapidly penetrate the MUC5B-rich (~7%) and
MUCS5AC-rich gels (~9%) (Figure 5C). We further tested if synthetic mucus with variable
mucin content was more or less effective at blocking 1AV infection in BCi-NS1.1 HAE
cultures. In these studies, BCi-NS1.1 cultures were coated with MUC5B-rich (75:25) and
MUCS5AC-rich (25:75) synthetic mucus and challenged with 7500 pfu of IAV (multiplicity
of infection ~0.15). AV was introduced in minimal volume (4 L) in order to avoid diluting
mucus, and the inoculum was kept on the cultures for 2 h. Two days post infection, staining
for LAV nucleoprotein revealed a significant reduction in successful infection by 1AV when
coated with MUC5B-rich synthetic mucus whereas MUC5AC-rich, asthma-like mucus had a
similar amount of staining for AV nucleoprotein to uncoated controls (Figure 5D,E).

4. DISCUSSION

In order to create synthetic mucus biomaterials with native-like function, we formulated
mucin hydrogels using BSM, composed of MUC5B, and PGM, composed of MUC5AC,
combined with a star PEG-thiol cross-linking agent to establish rheological properties
similar to human airway mucus. We directly compared our synthetic mucus model to human
mucus collected (i) from individuals without lung disease and (ii) from well-differentiated
HAE tissue cultures. Although MUC5B gels were most similar to HAE-derived mucus, we
observed significant differences between MUC5B gels and ETT-sourced mucus. We expect
these differences to arise due to heterogeneity in microrheological properties in clinical
samples of mucus as these samples possess high amounts of nonmucin biomolecules that
can contribute to gel organization and microstructure.26 MUC5AC hydrogels, on the other
hand, had significantly smaller pore sizes (~100 nm) than “normal” ex vivoand in vitro
human mucus that were comparable to previously reported properties of mucus in diseases,
such as in CF.21.25 To account for the potential effect mucin concentration and MW on

the observed differences in hydrogel elasticity, we measured total protein content as well
as hydrodynamic radii of mucin solutions. We found no significant differences between the
protein concentrations and hydrodynamic sizes of MUC5B (BSM) and MUC5AC (PGM)
solutions (Figure S1).

Due to the similarities in microrheological properties between MUC5B gels and HAE-
derived mucus, we expected comparable transport rates on HAE cultures. Interestingly,
transport rates of MUC5B gels were significantly lower than that of native HAE mucus
(Figure 1), whereas MUCS5AC gels exhibited significantly faster transport rates than
MUCS5B hydrogels despite differences in microrheological properties. Our results would
suggest that MUC5B and MUCS5AC gel transport could be influenced by factors other than
network elasticity, such as friction or surface adhesion.*”:48 Of note, frictional coupling

of the mucus gel to beating cilia can also contribute to its transport.*® One would expect
that more densely cross-linked gels will possess a higher degree of friction due to reduced
water permeation at the gel-tissue interface. This may, in part, explain why the more highly
cross-linked MUCBSAC gels achieve faster transport rates than MUC5B gels due to an
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enhanced coefficient of friction. However, additional studies are necessary to explore these
potential effects on mucus transport. Overall, neither MUC5AC nor MUC5B hydrogels
alone resembled both the biophysical and transport functions of native human mucus.

As native airway mucus is composed of both MUC5B and MUC5AC, we prepared
hydrogels with both mucins at a physiological MUC5B:MUCS5AC ratio of 75:25 (MUC5B-
rich). Our results showed that blending of the mucins resulted in mucus clearance rates

that were comparable to the transport of BCi-NS1.1 HAE mucus and also in the range

of physiological values reported in the literature (~50 zm/s).*® We should note that the

bulk elastic moduli measured here, on the order of 200-400 Pa, are higher than previously
reported moduli for human airway mucus (~10-50 Pa).21:26:33 With the similarities in
transport rates of synthetic and native human mucus on airway surfaces (Figure 1E), we
expect that synthetic mucus is partially diluted, and as a result, its elasticity is reduced

when equilibrated for 30 min on HAE tissue culture prior to experiments. Another limitation
in our synthetic model is our use of nonhuman mucins, which possess species-specific
differences in glycosylation. For example, BSM possesses similar terminal sialic acid groups
to human MUCS5B but also contains a small percentage of sialic acid glycoforms, such as
N-glycolylneuraminic acid, not found in human tissues.®? In addition, these mucins are only
partially purified and contain other nonmucin components (e.g., albumin, immunoglobulin).
However, mucin is the predominant polymeric component of our gels and, as such, likely
dictates the mechanical and transport properties of these gels. In the airways, MUC5B and
MUCSAC are known to be secreted in distinct cell types and reside in distinct regions of the
epithelial surface.> As mucins are mixed homogeneously prior to gelation and application
to HAE cells, it is unlikely our present model fully captures these effects. However, we have
demonstrated that our synthetic mucus biomaterial exhibits transport rates in the range of
physiological values in health and disease and thus provides a model system complementary
to the /n vitro, ex vivo, and in vivo models of mucociliary transport traditionally used.

Our results suggest that, independent of concentration, increases in MUC5AC, as observed
in sputum samples from patients with asthma, could be sufficient to enhance the bulk
viscoelastic properties of mucus (Figure 2). In the past, these changes in viscoelastic
properties in asthma have been attributed to increased mucin concentration and excess
plasma protein that may interfere with normal degradation and turnover of mucins in the
airways.2! While we presume that transport in 1L-13-stimulated HAE will also be influenced
by MUCSAC tethering to HAE as previously shown,23 our data on synthetic mucus
transport suggests that increasing MUCS5AC in mucus gels may progressively slow MCC
(Figure 3). We also found that the enhanced elasticity and reduced transport of MUC5AC-
rich gels are likely due to increased disulfide cross-linking mediated by PEG-4SH (Figure
4). Given the importance of disulfide bonds in mucus gel elasticity, reducing agents such
as N-acetylcysteine (NAC) have been used as an inhaled treatment to break down hyper-
viscous mucus in chronic lung diseases like cystic fibrosis (CF) and chronic obstructive
pulmonary disease (COPD).52:53 Using NAC, we also found that reducing the disulfide
bonds can significantly improve transport of asthma-like synthetic mucus with increased
MUCS5AC (Figure S3, Figure 4B).
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Given the susceptibility to infection in those with underlying diseases like asthma,2 we
examined the role of the MUC5B:MUCS5AC ratio in the barrier function of synthetic mucus
toward 1AV. We expected the tighter microstructure of MUCS5AC-rich gels to reinforce
barrier properties against 1AV, restricting 1AV diffusion. In contrast, we observed faster
average diffusion of 1AV in asthma-like, MUC5AC-rich gels than in MUC5B-rich gels
(Figure 5B). However, in both MUC5B and MUCS5AC-rich gels, we estimate that only a
small fraction (7-9%) of 1AV particles can diffuse rapidly enough to penetrate a ~40 gm
mucus layer during the 2 h period of exposure to the viral inoculum used in our studies
(Figure 5C). Given the similarities in 1AV penetration, we expect that 1AV diffusion within
MUCS5B-rich gels is influenced by mucin-associated glycan binding to a greater extent

than the more heavily cross-linked MUC5AC-rich gels, which present a greater physical
barrier to 1AV diffusion. While these gel thicknesses and exposure times are more reflective
of diseased airways, we note that thinner mucus layers and shorter clearance times (on

the order of 30 min) would be expected in healthy lungs /7 vivo.*® However, we kept

gel thickness and inoculation time consistent for both MUC5B and MUC5AC-rich gels to
enable direct comparisons. Notably, we found in HAE cultures challenged with 1AV that the
barrier properties of MUC5AC-rich gels toward 1AV are significantly compromised, whereas
MUCS5B-rich gels are effective in neutralizing 1AV (Figure 5D). It has been established in
prior studies that AV interacts with mucin glycans, primarily sialic acid.>* In comparing
mucin glycosylation profiles, MUC5B has been shown to contain a high concentration of
sialic acid whereas MUC5AC contains greater fucose content.3-18 Thus, we expect that

the reduction in sialic acid content and transport rates of MUC5AC-rich gels could render
the airway surface more susceptible to widespread and increased frequency of infection.

We anticipate that the barrier properties of MUC5B-rich and MUCS5AC-rich gels can be
further understood by studying 1AV diffusion through and the extent of infection in synthetic
mucus-coated cultures using gels with modified glycosylated domains. Modification of
mucin glycans, specifically removal of sialic acids, of BSM gels through enzymatic cleavage
using sialidase has been demonstrated in prior work®® and will be pursued in our future
studies. In addition, prior work has demonstrated mucosal antibody-mediated trapping of
IAV, which could also be explored using our synthetic model in the future.%8

5. CONCLUSIONS

Our results establish a new biomaterial capable of recapitulating native airway mucus
properties where mucus composition can be precisely controlled to study how its functions
may be altered in diseases. Using bioengineered synthetic mucus, we have found that

the changes observed in mucus composition in asthma can have a major impact on gel
viscoelasticity, which in turn reduces its capacity to be effectively cleared. We also observed
that asthma-like mucus biomaterials were less capable of protecting the airway surface from
infection by IAV. To confirm the broader relevance of these findings to human diseases,
future studies on mucus harvested /n vitro from primary asthmatic tissue cultures and ex
vivo isolated from patients with asthma will be performed to determine how rheology

and barrier function toward respiratory viruses may be affected by changes in mucin
composition. The model established herein could also be applied to other lung diseases
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(e.g., COPD, CF, pulmonary fibrosis) to understand airway dysfunction and uncover disease
mechanisms that provide the basis for new therapeutic interventions.
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Refer to Web version on PubMed Central for supplementary material.
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Comparison of the biophysical and transport properties of native human mucus to synthetic
mucus biomaterials. (A) Schematic illustration of the preparation steps for the synthetic
mucus biomaterial. 4% (w/v) mucin solution is mixed with a 4% (w/v) cross-linker to
form a mucin-based hydrogel with 2% (w/v) mucin and 2% (w/v) cross-linker. (B) Images
of MUC5B (BSM) hydrogel (blue) and MUC5AC (PGM) hydrogels (red). Scale bar = 2
mm. (C) Box-and-whisker plots of measured log1g[MSD¢] for 100 nm PEG-NP in human
mucus samples (ex vivo and /n vitro) and synthetic mucus biomaterials with varying mucin
compositions. (D) Box-and-whisker plots of the estimated pore sizes (£) of human mucus
samples and synthetic mucus biomaterials calculated based on 100 nm PEG-NP diffusion.
(E) Box-and-whisker plots of the microsphere transport rates of BCi-NS1.1 native mucus
and synthetic mucus biomaterials on BCi-NS1.1 cultures.***p < 0.001 by Kruskal-Wallis
test with Dunn’s correction. The color of the asterisk indicates the comparison group.
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Macro- and microrheology of synthetic mucus with varied concentrations of MUC5B

and MUCS5AC. (A) Mean elastic and (B) viscous moduli (G', G”) of hydrogels with
varying MUC5B:MUS5AC ratios at w = 1 rad/s measured using bulk rheology. (C) Box-and-
whisker plots of measured log;g[MSD;] for 100 nm PEG-NP in hydrogels with varying
MUCS5B:MU5AC ratios. (D) Box-and-whisker plots of measured log;o[MSD1] for 500 nm
PEG-NP in hydrogels with varying MUC5B:MUSAC ratios. ***p < 0.001, *p < 0.05 by
(A,B) one-way ANOVA and (C,D) by Kruskal-Wallis test with Dunn’s correction.
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Figure 3.
Mucociliary transport in human airway epithelial (HAE) cultures for native mucus in

IL-13-stimulated HAE and synthetic mucus with varied MUC5B:MUCS5AC ratios. (A)

En face immunostaining of mucus gels produced from unstimulated (-1L-13) or 1L-13-
stimulated (+1L-13) BCi-NS1.1 HAE cultures. Scale bar = 20 ym. (B) Paths of fluorescent
microspheres deposited onto gels from —IL-13 and +IL-13 BCi-NS1.1 cultures and synthetic
mucus gels (shown conditions are MUC5B-rich (75:25) and MUCS5AC-rich (25:75) gels).
Trajectories show 10 s of motion with a color scale that indicates time elapsed. Scale bar
=100 um. (C) Box-and-whisker plots of the microsphere transport rates on —IL-13 and
+IL-13 BCi-NS1.1 cultures. ***p < 0.001 by Mann-Whitney U'test. (D) Mean ciliary
beat frequencies of —1L-13 and +1L-13 BCi-NS1.1 cultures. (E) Box-and-whisker plots

of the microsphere transport rates on BCi-NS1.1 cultures with hydrogels with varying
MUCS5B:MUCS5AC ratios. ***p < 0.001 by Kruskal-Wallis test with Dunn’s correction.
(F) Mean ciliary beat frequencies of BCi-NS1.1 cultures with hydrogels with varying
MUC5B:MUCS5AC ratios.
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Influence of disulfide cross-linking on asthma-like synthetic mucus transport function. (A)
Mean disulfide bond (S-S) concentrations in MUC5B-rich (75:25) and MUC5AC-rich
(25:75) gels. ***p < 0.001 by unpaired Student’s ¢test. (B) Box-and-whisker plots of

the microsphere transport rates on BCi-NS1.1 HAE cultures with MUC5B-rich (75:25) and
MUCBS5AC-rich (25:75) hydrogels and MUC5AC-rich hydrogel (25:75) with NAC treatment.
*** < 0.001 by Kruskal-Wallis test with Dunn’s correction. (C) Ciliary beat frequencies of

BCi-NS1.1 HAE cultures.
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Figure5.
Barrier function of normal and asthma-like synthetic mucus toward influenza A virus (1AV).

(A) Trajectories of 1AV diffusion in MUC5B-rich (75:25) and MUCS5AC-rich (25:75) gels.
Trajectories show 10 s of motion with a color scale that indicates time elapsed. Scale bar =
200 nm. (B) Ensemble average MSDs ({A2)) of Dil-labeled IAV as a function of time scale
(7) in MUCB5B-rich (75:25) and MUCS5AC-rich (25:75) gels. (C) Frequency distributions of
log10[MSD1g] of individual 1AV in MUC5B-rich (75:25) and MUCS5AC-rich gels (25:75).
(D) Fluorescence micrographs of uncoated and synthetic mucus-coated BCi-NS1.1 cultures
infected apically with 1AV (PR8) 48 hpi after 2 h of inoculation. Green indicates staining for
AV nucleoprotein. Scale bar = 20 ym. (E) Percentages of infection area as determined by
AV nucleoprotein staining for uncoated and synthetic mucus-coated BCi-NS1.1 cultures.
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